Several welds and associated heat-affected zones (HAZs) on two API X70 and two API X52 pipes were tested to determine the fatigue crack growth rate (FCGR) in pressurized hydrogen gas and assess the area of the pipe that was most susceptible to fatigue when subjected to hydrogen gas. The relationship between FCGRs for welds and HAZs compared to base metal is discussed relative to local residual stresses, differences in the actual path of the crack, and hydrogen pressure effects.
Introduction
Ferritic steels are known to exhibit a loss of tensile ductility in the presence of hydrogen [1] [2] [3] [4] [5] . However, when evaluating ferritic steels for transporting hydrogen gas, the response of the material to cyclic loading is far more important than evaluating ductility loss when determining fitness-for-service and designing for safety. This is because pipelines operate at a safety margin well below the yield strength, and virtually all of the loss in ductility for pipeline steels is encountered after the ultimate tensile strength is achieved, as observed in the stress-strain curves of Refs. [6, 7] . With cyclic loading, however, a crack can initiate and grow, for example, at weld stress concentrations, when global stresses are well below the yield strength. Furthermore, pipelines experience periodic pressurization for gas storage and depressurization as the gas is consumed. Two to three pressurization cycles are expected per day, which can provide the driving force needed for fatigue crack growth (FCG).
A comprehensive testing program was conducted at the National Institute of Standards and Technology (NIST) over the course of three years on the base metal from four pipelines [8, 9] . Two API-5L X52 steels and two API-5L X70 steels were tested in air and in hydrogen gas pressurized to 5.5 MPa and 34 MPa, and at three cyclic loading rates, 1 Hz, 0.1 Hz, and 0.01 Hz, with a loading ratio of R = 0.5 (where R is the ratio of minimum to maximum applied force). The results of the test program demonstrated that there is no correlation between material strength and the fatigue crack growth rate (FCGR) [10] , unlike results observed with monotonically increasing loading such as tensile strength testing and measurement of fracture toughness [2, 11, 12] . The effect of gas pressure is significant, the effect of cyclic loading rate in these three decades is minor, and it appears that microstructure may play a large role in the FCGR. Based on this information, a model was developed at NIST to characterize the effects of pressure and loading rate on steels encompassing these grades [13] . This model is under consideration for incorporation into the American Society of Mechanical Engineers (ASME) B31.12 code for Hydrogen Piping and Pipelines [14] , and it is intended to expand the choice of steel grades used in the design of future hydrogen pipelines.
Aside from damage that is inflicted from a third party, the most likely source of a flaw that can initiate into a crack is in the weld. For this reason, the fatigue properties of the welds, as well as those of the base metal, must be characterized. There is relatively little known about the FCGR of pipeline weld materials [15] and their associated heat-affected zones (HAZs) in the presence of hydrogen [16] [17] [18] [19] [20] , and even less is known about their FCGRs under conditions of pressurized hydrogen gas [16, 18] . All studies indicate that the FCGR of the weld fusion zone and/or HAZ is at least an order of magnitude higher in the presence of hydrogen than in air at values of the stress intensity range (ΔK) greater than 15 MPa·m ½ . Differences among base metal, weld metal, and HAZs tested in the presence of hydrogen are more subtle. Wang et al. [20] concluded that the X70 base metal exhibited a lower FCGR than the HAZ from a submerged arc weld of two plates for the same conditions, where the specimens were subjected to saturated H2S in solution. Thodla et al. [19] concluded that the girth weld exhibited more fatigue resistance than either the base metal or the HAZ acquired from X65 welded pipe when tested in an H2S-saturated solution. Somerday [21] showed that at low values of ΔK (< 12 MPa·m ½ ), the HAZ for the X65 material had the lowest FCGR, whereas at higher values of ΔK, the FCGR for the base metal, weld, and HAZ were within the uncertainty of the measurement when tested at a hydrogen gas 3 https://doi.org/10.6028/jres.124.008 pressure of 21 MPa. The data of Moro et al. [16] failed to show any obvious differences among the base metal, girth weld metal, and the HAZ from the girth weld of an X80 pipe tested in hydrogen gas pressurized to 10 MPa.
This confusion demonstrates the need for more data and a systematic approach to the problem. Are the observed differences the result of the different strengths of the materials tested, their microstructures, the test conditions, the welding technique used, or some other variable? Has the susceptibility been overstated, and all differences are within the variability of the measurement?
In an effort to elucidate the comparative FCGRs of base metal, weld metal, and HAZ, we report here studies conducted at NIST on cyclic-loading tests from these regions on different pipeline steels, welded with different techniques, and at two hydrogen gas pressures. Particularly desirable are data at values of ΔK between 8 MPa·m ½ and 15 MPa·m ½ , as hydrogen pipelines are expected to operate in this regime.
Materials
Sections from four different pipes were used to investigate the FCGRs of base metal, weld metal, and the HAZ associated with the weld. Two of the pipes were API 5L X52, one produced in 1964 (referred subsequently as "X52 vintage") and the other produced in 2011 (referred subsequently as "X52 modern"). The other two pipes were API 5L X70 (referred to subsequently as "X70A," and "X70B"), both of which were manufactured about 2005. Table 1 provides the dimensions of each of the four pipes. The seam and girth welds, and their associated HAZs, were tested from the X52 vintage pipe and the X70A pipe. Only the girth welds and their associated HAZs were tested from the X52 modern pipe and the X70B pipe. This information is shown in Table 2 , along with the techniques used to construct the weld (SMAW= shielded metal arc welding, GMAW = gas metal arc welding, and SAW = submerged arc welding). Figure 1 shows composite images of the girth welds, which were joined with multipass welding procedures, and their corresponding microhardness maps; Fig. 2 shows the same for the two seam welds. Detailed welding parameters used for pipe fabrication are unknown, but pipe construction conformed with American Petroleum Institute (API) standards. The hardest area encountered was in the cap pass of the X70B girth weld. The softest weld region was in the heart of the X52 vintage girth weld. Furthermore, softening was observed in the HAZ of the modern girth weld, and in that of the X70B girth weld. Areas of increased hardness were observed at the base of each pass of the various welds, where more rapid cooling near the interface between weld passes allowed finer grains to form. Table 1 for wall thicknesses to reference image sizes Microhardness maps show accompanying scales of Vickers hardness.
The chemical composition of the base metals can be found in Table 3 , and that of the girth welds can be found in Table 4 (GW for girth weld and SW for seam weld). Composition was determined with atom emissions spectroscopy. The main differences between the base metal and the corresponding weld filler material are: For the X52 vintage material, the weld has less C and more Mo; there is more S, Ni, Cr, and Mo in the weld of the modern X52 than in its base metal; there is more C and Si, and less Ni, Cr, and Ti in the weld metal of X70A than in its base metal; and there is more C, Ni, and Mo, and less Cu, Cr, and Nb in the weld metal of , X70B than in its base metal. The high C (and S) content in the base metal from the vintage X52 pipe is indicative of its age, as modern metallurgy lowers the C content in order to improve weldability. Also, the vintage X52 pipe does not contain Nb as a microalloying element, since thermo-mechanical rolling processes were not used until more recently. The differences in the weld chemistry were probably because welds are typically designed to slightly overmatch the grade of the base metal. However, exceptions were found among these materials. Table 5 contains the tensile properties acquired in air for the base metal (BM), weld metal (GW for girth weld and SW for seam weld), and the HAZ associated with that weld (GH or SH, respectively). Round tensile specimens from the BM were circumferentially oriented, and the GW, SW, GH, and SH specimens were aligned with the weld and the HAZ; the round all-weld specimens had a diameter = 6.4 mm, and the HAZ specimens had a diameter = 3.2 mm. Tests were conducted according to ASTM E-8 [22] . As can be seen, the modern X52 qualifies for an X70 grade, so the strength of the GW is actually slightly undermatched to the BM. The GW from the X70B pipe was also slightly undermatched, but both the GW and SW from the vintage X52 pipe exhibited a much higher yield strength than that of its base metal, which was not actually sufficient to qualify for the X52 grade. In general, the HAZ materials exhibited less uniform elongation and elongation to failure than either the BM or the weld metal (WM), except for the GH from the vintage X52 pipe. Note that there was only one successful test of the X70A GH. All other reported values are the mean of two tests.
The microstructures of the BM from the modern X52 and the X70A pipes appear to be very similar, as can be seen in Fig. 3 , which shows the through-thickness microstructure of all four BMs. The X52 vintage pipe has a ferrite-pearlite composition, and the others were determined to be polygonal and acicular ferrite from optical microscopy. There may be other constituents that are not resolvable without employing more advanced analytical techniques. Microstructure images of the welds and their HAZs are shown in Fig. 4 . The girth weld from the vintage X52 pipe exhibits a solidification structure consisting of elongated prior austenite grains that are highly variable in size. It has 9 % allotriomorphic ferrite (the white features outlining prior austenite grain boundaries), with some Widmanstätten side plates also along prior austenite boundaries, and the remainder appears to be acicular ferrite. There is some evidence of rutile inclusions. The HAZ associated with the girth weld is highly variable; some areas show coarse-and fine-grained zones, and others have only fine grains. The largest grains near the weld are ~200 μm, whereas in other areas of the HAZ, the largest grains are 75 μm. The grains appear to contain microconstituents including martensite (most of the dark features in the HAZ) with allotriomorphic ferrite (shown with arrows) around the prior austenite grain boundaries (dotted line). The fine grains appear to be primarily ferrite (light areas), and are finer (3 μm) than the original grain size (~10 µm).
The dual-pass seam weld from the vintage X52 pipe has elongated prior austenite grains, also highly variable in size. It is 16 % allotriomorphic ferrite (with Widmanstätten plates) along prior austenite boundaries, and the remainder is Widmanstätten ferrite (finer plates), with ~40 % of what appears to be pearlite. In the associated HAZ, areas show coarse-and fine-grained zones. The largest grains near the weld average 132 μm, and the grains appear to contain microconstituents of martensite with allotriomorphic ferrite around the prior austenite grain boundaries. The fine grains appear to be primarily ferrite, and they are finer (4 μm) than the original grain size (~10 µm).
Within the girth weld from the modern X52 pipe, the microstructure varies between beads. The top (final bead) is composed of Widmanstätten ferrite (with local allotriomorphic ferrite). Some prior austenite grains can be discerned. The beads nearest the top bead (less postweld heating) show pearlite grains mixed in with the ferrite, which indicate the solidification direction, whereas those beads heat-affected by later passes are primarily fine ferrite. Lower beads show equiaxed microstructure. The average coarse-grain size is ~6 μm, whereas the largest grains can be up to 30-40 μm. The fine grains have a similar grain size to base metal (4.3 versus 4.4 μm, respectively).
The girth weld from the X70A pipe has elongated prior austenite grains that are highly variable in size. It is 9 % allotriomorphic ferrite (with some Widmanstätten side plates) along prior austenite boundaries, which are more equiaxed. The remaining larger grains appear to be acicular ferrite. The largest grains within the HAZ are ~43 μm in diameter, and there appears to be some transformation to lath martensite.
The dual-pass seam weld from the X70A pipe has elongated prior austenite grains that are highly variable in size. It is composed of 10 % allotriomorphic ferrite (with some Widmanstätten side plates) along prior austenite boundaries; the remaining constituent appears to be acicular ferrite. Prior austenite boundaries are less visible, and the allotriomorphic ferrite is not always distinguishable at higher magnification. There is, however, growth of acicular ferrite grains. In the HAZ associated with the seam weld, the largest grains are ~50 μm in diameter.
The girth weld from the X70B pipe is composed of multiple beads, and there are two areas of microstructure: the original solidification microstructure and the heat-affected weld metal. The solidification structure is allotriomorphic ferrite (with some Widmanstätten side plates) along prior austenite boundaries. The top bead has clear elongated solidification, with the elongation along the path of cooling from most rapid at the bead edges to least rapid at the bead center. Other microconstituents are allotriomorphic ferrite along prior austenite boundaries, and Widmanstätten side plates extending through grains. The amount of allotriomorphic ferrite is highly dependent on location. The lower beads have solidification microstructure with highly variable prior austenite grain size; the remainder of the grain is composed primarily of acicular ferrite with localized extensive Widmanstätten plates through the grain. The root bead has a solidification macrostructure with directionality consisting of curved elongated structures that are primarily composed of acicular ferrite of varying grain size. Some areas of the highly variable HAZ show coarse-and fine-grained zones, and others are only fine grained. The largest grains near the weld can range from 50 to 90 μm in diameter, depending upon the location, and they appear to contain martensite. In the fine-grained zones, fine grains appear to be primarily ferrite. 
Methods
Compact-tension (CT) specimens were machined according to the ASTM 647-11 standard [23] with a nominal W = 44.5 mm, where W is the specimen width, in the C-L orientation for the BM, SW, and SH, and in the L-C orientation for the GW and GH specimens (Fig. 5) . To test the HAZ from the vintage X52, modern X52, and X70A pipes, the machined notch was aligned such that the midpoint of the through-thickness was at the center of the HAZ (Fig. 6) ; therefore, the cracks for most specimens traversed mostly through the HAZ with small volumes of weld and base metals. The X70B material was sufficiently thick that a specimen could be machined at an angle in the throughthickness to obtain an all-HAZ notch in the specimen. Each specimen was machined with a chevron notch to facilitate initiation of the fatigue precrack and a straight crack front. The precracking was conducted at R = 0.1 in air at room temperature and at a cyclic-loading frequency of 15 Hz. A sinusoidal waveform was used. Most of the GW specimens were preloaded in compression at the chevron notch tip to 80 % of yield prior to precracking to promote fatigue crack initiation.
Specimens were tested according to ASTM E647-11 [23] at R = 0.5 and a cyclic-loading frequency of 1 Hz in air or hydrogen gas that was pressurized to either 5.5 MPa or 34 MPa. Either a triangular or sinusoidal waveform was used. There should be no measurable difference in FCGR, either in air or in hydrogen gas, because both of these waveforms provide short time durations at the peaks [24] . Two test chambers were available for conducting cyclicloading tests; one allowed single specimens to be tested, and the second allowed up to 10 specimens to be tested simultaneously [25] . Nearly all of these tests were performed in the large chamber for multiple-specimen testing. Internal load cells were employed to ensure that the forces exerted on the specimen(s) were those that were specified and were not influenced by the friction of the high-pressure seals surrounding the actuating pull rod. Where material permitted, duplicate tests were conducted at the same condition to check the repeatability of the data. The purging procedure and a description of the pressure-maintenance protocol can be found in Ref. [8] . Samples of each lot of the test gas were acquired and analyzed to ensure that contaminants were not present. Fatigue tests typically ran continuously for weeks because the frequency was low (1 Hz) and low levels of ΔK were desired. Each specimen was cyclically loaded at a constant force range (rising ΔK) until a crack length (a) of 10 https://doi.org/10.6028/jres.124.008 0.75 W was reached. A clip gauge was attached at the load line, and the crack length was calculated from compliance. Data on cycle count, crack mouth opening displacement (CMOD), external force, and internal force were collected for 5 cycles out of every 200 cycles, and these values were used to calculate ΔK and a to generate graphs of FCGR (da/dN versus ΔK, where N is the number of cycles). An important goal of the test program was to obtain data at values of ΔK, when possible, between 8 MPa·m ½ and 15 MPa·m ½ , because hydrogen pipelines are expected to operate in this regime.
The base metal data are shown with a single line that was visually fit to represent the data with one or more steady-state crack growth (i.e., Paris law) regions, as appropriate. Most of these data sets include multiple tests that, if shown individually, would mask the trends observed for the welds and HAZs. For a detailed account of the uncertainty of the FCGR measurements presented here, see Ref. [25] .
Results
The results for FCGR in hydrogen gas at a pressure of 34 MPa for the weld fusion zone, associated HAZ, and base metal from the four pipeline materials studied are shown in Fig. 7 . Not every material has tests completed for every condition. All the specimens tested show the expected considerable effect of hydrogen in elevating the FCGR over the rate in air in the important range between 10 MPa·m ½ and 15 MPa·m ½ . This effect is about a factor of 20 in the X52 steels, and it ranges up to a factor of 30 in the X70 steels.
The relationship of the FCGRs of the welds and the HAZs to that of the base metal is not consistent from pipe to pipe. The girth weld from the vintage X52 pipe exhibits a similar FCGR to the BM. The girth weld HAZ from the modern X52 pipe exhibits a lower FCGR than the BM, and the girth weld appears to behave similarly to the BM. However, the girth weld HAZ, the girth weld, and the base metal all have the same FCGR, within the uncertainty of the measurement. For the X70A material, the seam weld and its HAZ have a FCGR that is comparable to the BM; the girth weld HAZ, however, behaves very differently, because it exhibits significantly inhibited FCGR compared with other weld regions, except at high ΔK. Finally, the FCGR of the girth weld and its HAZ for the X70B pipe are both similar to that of the BM, in that they are within the uncertainty of the measurements.
Several of the GW and GH specimens exhibited an unusual region at very low values of ΔK, where the value of ΔK increased without an increase in the value of da/dN. The plot of crack length with respect to number of cycles (a versus N) from these tests shows a very long linear increase, such as that shown in Fig. 8 , followed by a rapid increase in the FCGR over a short span of ΔK. Figure 9A shows the data for the FCGR tests on the vintage X52 material tested in hydrogen gas pressurized to 5.5 MPa. The FCGR data from the HAZ from both the seam weld and the girth weld are slightly higher than those of the associated BM. The data from the girth weld fall slightly lower than those of the BM at values of ΔK below 15 MPa·m ½ and the same as the BM data above that value of ΔK. The FCGR for the weld and HAZ from the modern X52 pipe (Fig. 9B ) fall below the BM data, although the behavior of the HAZ is unusual, and more tests are needed. Both of the X70 girth welds and HAZs exhibit a reduced FCGR as compared with the BM, whereas the X70A seam welds and HAZ are slightly above the BM data (Fig. 9C ). 
Discussion
Results from this work show that welds and their HAZs from ferritic pipelines experience hydrogen-assisted fatigue cracking similar to that of the ferritic base metal. The FCGRs for all three locations in the pipe are at least an order of magnitude greater in hydrogen than those tested in air. As was observed for the base metal [26, 27] , there was a pressure effect on the FCGR, such that the FCGR of specimens tested in hydrogen gas pressurized to 34 MPa was greater than that for specimens tested in hydrogen gas pressurized to 5.5 MPa. See Fig. 10 for an example with the vintage girth welds. Figure 11 shows data from the SW and SH of the X70A pipe and the GW from the X70B pipe tested in air. The individual data sets for SW, SH, and GW all have asterisks, indicating that they did not fully comply with ASME E647. They are provided as a comparison to other, fully compliant data, but they should be regarded as suspect, because they had curved crack fronts, perhaps due to residual stresses, and in this case, ΔK can have considerable uncertainty. With no environmental effect, the FCGRs of welds, HAZs, and BM in air are expected to be similar. The fits to the BM data tested in air and in hydrogen gas pressurized to 34 MPa are shown for comparison. Recall that the weld and HAZ tests in pressurized hydrogen were very similar to those of the BM in the same environment, so this figure offers a good representation of the detrimental effect of hydrogen on the FCGRs. Similar behaviors were observed whether testing was conducted at a hydrogen gas pressure of 34 MPa or 5. Whether welds or HAZs exhibit greater FCGRs than the BM can depend on a number of factors: (1) the microstructure; (2) the welding technique employed; or (3) the overmatching or undermatching of the weld strength relative to that of the BM. This strength relationship of the weld to the BM would have a large effect on the residual stresses in the welds and HAZs, which has been shown to have a significant effect on FCGR in a previous study by Ronevich et al. [15] . These items are interrelated, as the ferrite-pearlite microstructure of the vintage X52 material provided readily available carbon to form martensite upon heating during the welding process. The SMAW technique was used for the girth weld in the vintage pipe, which probably introduced higher temperatures, whereas GMAW was used on the girth weld of the modern pipe. The combination of available carbon and high heat allows for formation of martensite in the HAZs of the X52 vintage steel. Slifka et al. [28] have shown that untempered martensite was present in the HAZ of the girth weld from the vintage pipe, but not in the modern pipe. San Marchi et al. [29] found that martensite was more susceptible to hydrogen embrittlement than ferrite, the dominant constituent in the girth weld HAZ from the modern X52 pipe, according to Slifka et al. [28] . The modern X52 girth weld HAZ is softer than the weld metal or the BM. The HAZ contained polygonal and acicular ferrite, according to 14 https://doi.org/10.6028/jres.124. 008 Slifka et al. [28] , similar to the BM, but with grain refinement. Likewise, the SH from the vintage X52 pipe generates a slightly higher FCGR, is harder than the BM, and contains martensite. The SH for the X70A pipe exhibited similar hardness and FCGR as the BM, and a very similar FCGR to the BM. Despite being softer than the BM and having a lower yield strength, the HAZ from the X70B girth weld tracked the BM FCGR very well for one specimen. At a hydrogen test pressure of 5.5 MPa, the FCGR for the GH and SH for the vintage X52 pipe again was slightly higher than for the BM, as was the SH for the X70A pipe.
In general, the FCGRs of the girth welds were either at or below the FCGR of the respective base metal for a given condition. The increased fatigue resistance is probably attributable to the multiple passes in the girth welds generating regions of harder and softer material within the fusion zone. The FCGR of the seam weld of the vintage X52 pipe behaved similarly to the BM, whereas that of the X70A pipe exhibited slightly less fatigue resistance, especially at low values of ∆K (< 15 MPa·m1/2). The girth and seam welds of the vintage X52 pipe had very similar yield strengths, approximately 100 MPa larger than that of the BM. The hardness map for the X70B seam weld shows that the first pass is harder than the second pass. This is not observed in the seam weld from the vintage X52 pipe, and it could account for less fatigue resistance in the seam weld of the X70A pipe.
When testing welds, residual stresses are often targeted as being responsible for anomalous behavior. However, it would be expected that when specimens of this size are cut out of the pipe, residual stresses would be relieved in large part. However, residual stresses of a magnitude that can affect FCGR have been measured in welds and HAZs of X100 pipeline steel [15] . In that work, residual stresses tended to reduce the FCGR from the original values. It is possible that residual stresses affected the FCGR from tests conducted in air, as shown in Fig. 11 . If sufficiently large residual stresses are left in the weld or HAZ samples following machining into C(T) specimens, then that could result in a shift of the air FCGR curve. Connolly et al. [30] found that, in general, the residual stresses of girth welds in these specimens were small (≤ |50| MPa) at a location 7 to 8 mm ahead of the precrack tip. Residual stress measurements were not conducted in the through-thickness direction of the girth welds. Other researchers have reported residual compressive stresses at the weld center and tensile stresses at the faces of a butt weld [31, 32] . Another issue that can be common in weld specimens is flaws that can pin a crack. X-ray tomography images of a post-tested girth weld specimen from the X70A pipe show that numerous flaws are distributed throughout the weld. Figure 12 (left) shows 10 flaws visible at one particular depth, and Fig. 12 (right) shows one large flaw with a diameter = 655 µm. These types of inhomogeneities could contribute to uneven crack fronts. Also, Fig. 13 shows that fissures formed on the fracture surface of several specimens cyclically loaded in pressurized hydrogen gas from what appears to be a pinned crack. Uneven and pinned crack fronts have the following effects. (1) Observed graphs of force versus CMOD exhibit a boomerang shape until the restrained area releases and the entire crack front evens out. (2) Because of this, the compliance is affected, which leads to suspect crack-length values. That is, use of the compliance method may calculate the shortest extent of the crack, rather than the average length of the crack. (3) If the pinning should start during the precrack phase, it is not possible to get an accurate measurement of the precrack length with the compliance method, which means that the effective modulus often is invalid. (4) This type of behavior can greatly retard or underrepresent the crack growth rate until the pinned location releases.
The flat crack growth per cycle at the start of some of the girth weld tests is the final anomaly that merits discussion. It should be noted that this phenomenon occurs only in tests of the girth weld and the girth weld HAZ. Furthermore, it was not observed in the tests from the vintage pipe. It can only be speculated that the overmatched weld provided a constraint that prevented this from occurring. Other possible causes were considered but have been disproven:
(1) This phenomenon occurs in specimens with and without an uneven precrack, so uneven precracking can be excluded as a cause.
(2) It occurs in both GW and GH specimens, so it is not attributable to a tougher weld material at the edge of an HAZ specimen, which could inhibit crack growth.
(3) Crack closure is unlikely with an R = 0.5, as the specimen experiences a substantial tensile force at all times. (4) Some specimens experienced uneven crack growth during the test, which was recognized by a boomerangshaped curve of force versus CMOD (one edge of the CMOD gauge was opening more than the other), but this behavior did not correlate to those specimens with the stagnant rate of crack growth per cycle.
(5) No obvious differences in the fracture surface were observed in the stagnant region and the rapid regions of crack growth (see Fig. 14) . El-Soudani and Pelloux [31] reported on a similar flat crack-growth rate in an HAZ specimen associated with a butt weld of two aluminum plates. In their case, they were able to attribute the behavior to substantial out-of-plane deviations in the fracture surface, which they attributed to residual shear stresses at the midthickness. Similar fracture behavior was not observed in these specimens.
It is hypothesized that residual stresses could contribute on a local scale to this region of flat crack growth. From the neutron beam experiments used to measure the residual stresses in the CT weld specimens [30] , it was found that immediately ahead of the precrack tip (~1 mm), there was a compressive residual stress parallel to the direction of crack growth in the 70A girth weld; there was no such compressive stress in the vintage X52 girth weld (Fig. 15) . We further explored whether this unusual flat crack growth response may have resulted from compressive residual stresses within the weld zone. Similar to the way in which a tensile overload tends to retard crack growth by setting up a net compressive process zone in front of the crack tip [33] , the compressive residual stresses resulting from the welding process may be retarding crack growth. Studies have shown that the net residual stress state in pipe girth welds can be either positive at the outer diameter of the pipe, or negative when within 25 % of the inner diameter [34] . The magnitudes of these net residual stresses range from on the order of the yield strength of the material to approximately one half of the yield strength of the material. Recent work on the residual stresses found in weld CT specimens for these pipes [30] confirmed that the net residual stress state in the weld may be either positive or negative, depending on specimen and location. Although neither study provided sufficient data to recreate the state of residual stress in the entire volume of interest, both studies offer insight into the possibility of a net compressive residual stress state at a crack tip as it grows in the weld. In order to elucidate the potential effects of residual stresses, the phenomenological model of Amaro et al. [35] was modified to account for residual stresses using the methodology proposed in Ref. [36] , which is based on the effective load ratio. The modified model predicted constant flat crack growth for increasing ΔK when the magnitude of the compressive residual stress increased as a function of crack growth for the initial 30 % of crack extension. The model also indicated that the magnitude of the compressive residual stress required to retard crack growth to this extent was on the order of the yield strength of the pipe base metal. The recent work [30] on samples of these welds in CT specimens did not indicate residual stresses of this magnitude, however, nor did these particular specimens exhibit constant crack growth when tested. The model demonstrates that it is possible to generate data for fatigue crack growth that behaves similarly to the experimental data discussed here. However, more work is necessary on the residual stresses within a CT weld specimen and on the model before this behavior can definitively be attributed to residual stresses. Furthermore, although the specimens that exhibited constant crack growth required more cycles to precrack than 17 https://doi.org/10.6028/jres.124.008 average (an indication of possible compressive residual stresses), they were not the specimens that required the most cycles to precrack.
Conclusions
The welds and HAZs from the four pipes tested exhibited hydrogen-assisted fatigue crack growth of the same order of magnitude as the hydrogen-assisted rates in base metal at both hydrogen gas pressures; the effect is to elevate the FCGR over that in air by a factor of ten or more over a significant range of stress intensity factors. None of the data indicated that the weld metal or their HAZs are substantially more vulnerable than the base metal to fatigue crack growth in hydrogen. The small variations that were observed in the relative FCGRs of the HAZs to BM were most often attributable to the microstructure through which the crack propagated. The microstructure has a strong influence on the susceptibility of the metal to fatigue crack growth. For example, the HAZ from the vintage X52 consistently exhibited a higher FCGR than the weld or base metal. The high carbon content resulted in the formation of martensite at the fusion line in the HAZ, and it is well documented that untempered martensite can cause increases in hydrogen embrittlement [1, 29, 37, 38] . Care must be taken when designing hydrogen pipelines such that the microstructural changes in the HAZ caused by welding can be controlled and constrained to avoid generating martensite. The local presence of martensite could increase the FCGR in the HAZ well above that of a polygonal ferrite-pearlite microstructure in the unaffected base metal of the pipe. Further studies are needed to determine the microconstituents, grain sizes, and orientations through which the crack traveled in the other materials to determine the role of the microstructure in propagating those FCGRs.
